We have generated transgenic mice over-expressing human apolipoprotein CI (apo CI) using the native gene joined to the downstream 154-bp liver-specific enhancer that we defined for apo E. Human apo CI ( 
Introduction
Our understanding of the small apolipoproteins of VLDL, apo C, has progressed with advances in protein purification and molecular biology. Apo C was found to consist of three proteins with distinct properties (1, 2) . Apo CII was shown to be the obligatory activator of lipoprotein lipase (LPL) (3, 4) while apo CIII and apo CI had an inhibitory effect on lipoprotein lipase activity (4, 5) . The role of apo CIII in elevating triglycerides has now been extensively validated by clinical observation (6) (7) (8) , the study of the deficiency state (9) , genetic linkage studies (10) , and both transgenic (11) (12) (13) and knockout mice (14) . Human apo CII transgenic (HuCII Tg) 1 mice were surprising in showing an apparent lipolytic defect similar to that of the HuCIII Tg mice (15) . Apo CI, along with apo CII and apo CIII, has been shown to displace apo E from triglyceriderich emulsions and lipoproteins, and to interfere with their hepatic clearance (16, 17) . In addition, there is direct evidence that apo CI can interfere with lipoprotein-receptor interaction. Either mixed apo Cs or purified apo CI decreased binding of ␤ -migrating VLDL to a remnant receptor, the LDL receptorrelated protein (18, 19) . Each of the apo Cs has also been shown to decrease the apo E-mediated binding of human VLDL and IDL to the LDL receptor, with apo CI most effective (20, 21) .
Information regarding plasma lipid levels in human HuCI Tg mice was reported by Simonet et al. in a study establishing the role of DNA sequences 5 Ј to the apo CI Ј pseudogene in the liver-specific expression of apo CI and apo E (22) . Plasma levels of both triglycerides and cholesterol were moderately elevated. Apo CI-gene knockout mice have also been reported and, unexpectedly, were found to have modestly elevated triglycerides ( ‫ف‬ 60%) while cholesterol levels remained normal (23). On a high fat diet, plasma cholesterol (mainly in the VLDL-LDL range of fractions on gel filtration chromatography) increased more in the knockout mice than in controls. VLDL from the knockout mice competed poorly against human LDL for binding to the human LDL receptor when compared to wild-type (WT) VLDL. The results were interpreted as indicating a remnant removal defect in the knockout mice; surprising, in view of the earlier physiological data showing that apo CI interfered with remnant clearance.
In light of these seemingly contradictory findings, we elected to perform further investigations of the role of apo CI in the metabolism of triglyceride-rich lipoproteins. We now report the introduction of a human apo CI transgene into mice and demonstrate that the 154-bp minimal liver-specific enhancer that we defined for apo E is sufficient for apo CI transgene expression in liver (24) . We have also characterized the effects of excess apo CI on lipoprotein phenotype and metabolism. HuCI Tg mice are moderately hypertriglyceridemic and hypercholesterolemic. VLDL and IDL ϩ LDL are increased and cholesterol-enriched, associated with decreased clearance of VLDL triglycerides and lipoprotein remnants.
Methods
Plasmid construction. Standard recombinant DNA techniques were employed. Cosmid 4, containing the human apo CI gene and downstream sequences, was the gift of Marten H. Hofker (25) . A SalI/ BamHI DNA fragment bracketing the apo CI gene was cloned with and without the PvuII-ApaI 154-bp liver-specific enhancer located 5 Ј to the apo CI Ј pseudogene (24) , which was inserted into the BamHI site. Plasmids were prepared by alkaline lysis and banded twice through cesium chloride-ethidium bromide gradients.
Transgenic mice. DNA inserts were obtained by SalI/EcoRI digestion and 0.7% agarose gel electrophoresis. DNA was extracted from the gel using Qiaex resin (Qiagen, Inc., Chatsworth, CA). Transgenic mice were created as previously described (26) . The fertilized eggs microinjected with the DNA construction were (C57BL/ 6J ϫ CBA/J)F 2 . Integration of the human apo CI gene was determined by PCR of tail-derived DNA. Subsequent screening was done using the human apo CI Western blot described below.
Animals. Animals were caged in an approved animal care facility with a 7:00 a.m. to 7:00 p.m. period of light. Except as indicated, animals were fed a standard mouse chow diet containing 4.5% fat (9% of calories) and 0.02% cholesterol (Ralston Purina Co., St. Louis, MO). Access to food was ad lib, except for fasting blood specimens. Both male and female mice were used in approximately equal ratios in all experiments, except where specified. Animals were anesthetized with methoxyflurane for retroorbital phlebotomy and intravenous femoral injections. 100 l of plasma were used for analyses, and animals were allowed to recover for 10 d between phlebotomies. F 1 mice were bred to homozygosity, as defined by 100% transmission of the transgene by an F 2 mouse to its F 3 offspring. Documented homozygous F 2 mice, along with their nontransgenic littermates were used to develop populations of obligate homozygotes, hemizygotes, and WT control mice of otherwise similar genetic background. Phlebotomy times were based on the nocturnal feeding behavior of mice. Plasma cholesterol and triglycerides were determined at 9:00 a.m. ("fed state") and at 5:00 p.m. after the removal of food at 8:00 a.m. ("fasted state") on both the chow and "Western-type" high fat diet (21% fat by wt, 42% by calories, and 0.15% cholesterol) diets (27) . The animals were 2-3 mo old when the "chow" bloods were obtained and 3-4 mo old when studied on the high fat diet.
Statistics. All comparisons were by t test; comparisons between the same animals in different states were by paired t test. Two-tailed P values are reported.
RNase protection assay. The human apo CI cRNA probe was derived by cloning nucleotides 115-336 of the human apo CI cDNA (28) into pGEM1. Orientation was determined by restriction digestion. RNase protection assay was performed as described on 10 mg of total RNA extracted from the tissues of male high expressing animals (29) . The autoradiogram was scanned using a laser densitometer (LKB, Uppsala, Sweden).
Western blot. Mouse plasma samples and dilutions of a human apo CI standard (kindly provided by Petar Alaupovic) were run on a 16% polyacrylamide SDS gel in a Tris-Tricine buffer system (Novex, San Diego, CA). The gels were electroblotted onto nitrocellulose and the blots were stained with a mouse monoclonal anti-human apo CI (Organon Teknika, Durham, NC) and goat anti-mouse IgG linked to horseradish peroxidase. Blots were developed with ECL reagent (Amersham Corp., Arlington Heights, VA), exposed to film and scanned as above.
Human apo CI levels. Plasma human apo CI levels were obtained by electroimmunoassay in the laboratory of P. Alaupovic, as described (30) . The animals were 2 mo old for the chow levels and 3 mo old for the high fat diet levels.
Lipoprotein analysis. Triglyceride and cholesterol concentrations were performed using commercial kits (Boehringer Mannheim Biochemicals, Indianapolis, IN) on an autoanalyzer (705; Hitachi Ltd., Tokyo). Phospholipids were determined using a commercial kit (Phospholipids B; Wako Pure Chemical Industries, Ltd., Osaka, Japan). VLDL ( d Ͻ 1.006 g/ml), IDL ϩ LDL ( d ϭ 1.006-1.063 g/ml), and HDL ( d ϭ 1.063-1.21 g/ml), were separated by sequential density ultracentrifugation of pooled mouse plasma (31) . The animals were 4-6 mo old and, in both groups, were predominantly male (80%). Protein concentrations in lipoprotein fractions were determined by the BCA protein assay (Pierce Chemical Co., Rockford, IL). Gel filtration chromatography was performed on 200 l of pooled mouse plasma, obtained in the fed state from mice that were 4-5 mo old, using two Superose 6 columns in series (FPLC; Pharmacia LKB Biotechnology Inc., Piscataway, NJ). 0.5-ml fractions were collected, and cholesterol and triglyceride levels were determined using enzymatic reagents (Boehringer Mannheim Corp.) in an assay modified for a 96-well plate format. Relative apo CI levels in the fractions were determined by Western blot. FPLC fractions are dilute; the FPLC data are qualitative because of the threshold of sensitivity of the assays applied to the fractions.
Free cholesterol assay. Five HuCI Tg mice and five controls (6 mo old, one male and four females) were bled as described above (400 l) between 2:00 and 3:00 p.m., after the removal of food at 8:00 a.m. Samples were kept on ice and the plasma was promptly separated after brief centrifugation in a refrigerated microcentrifuge. Aliquots of plasma were then frozen at Ϫ 70 Њ C. Samples were defrosted on wet ice and assayed in duplicate for free cholesterol and total cholesterol using kits (Wako Free Cholesterol C and Cholesterol CII; Wako Pure Chemical Industries, Ltd.).
Apolipoprotein analysis. Apo B100, apo B48, and apo E were quantitated via a 5-g SDS-PAGE on lipoprotein protein from 6 WT and 6 HuCI Tg pools of VLDL using 4-20% gels run in Tris-glycine buffer. Apos CI, CII/CIII, AI, and E were resolved on 2 WT and 3 HuCI Tg pools using precast 10-20% polyacrylamide gradient gels with a 3% stacking gel (Bio-Rad Laboratories, Richmond, CA) run in Tris-Tricine buffer. Gels were fixed overnight in 50% methanol, 10% acetic acid and were stained using either silver stain (Bio-Rad Laboratories) (LDL, three pools) according to the manufacturer's protocol, or Coomassie Blue (VLDL, 6 pools and HDL, 3 pools) as follows: staining for 2 h in 50% methanol, 10% acetic acid, 0.05% Coomassie Brilliant Blue 250 and destaining overnight in 5% methanol, 7% acetic acid. The gels were scanned using a laser densitometer and Image QuaNT software (Molecular Dynamics, Inc., Sunnyvale, CA). The "local median" of background, based on a box drawn around the band, was subtracted from the scanned densities. Density measurements of apo B100 and apo B48 were normalized to molecular weight for the calculation of apo B48/total apo B ratios. No adjustment was made for differential chromogenicity of the proteins, limiting our conclusions to relative changes in apolipoprotein composition.
Isoelectric focusing (IEF). VLDL was isolated from pooled plasma from 24 WT, 5 HuCI Tg, 5 HuCII Tg, and 5 HuCIII Tg mice of both sexes and on average age of 8 mo. Normal human VLDL was also obtained for comparison. VLDL was delipidated as described (32) . Protein was measured on the redissolved mouse VLDL apoproteins using the BCA protein assay (Pierce Chemical Co.). This assay primarily detects cysteine, tyrosine, and tryptophan in peptide linkages. It would not detect apo B, which would not redissolve and would only minimally detect apo CI, which contains only one tryptophan residue and no cysteine or tyrosine. IEF (tube gel technique) and gel image densitometry were performed on 70 g of VLDL apoproteins from each pool, as described (33) .
Preparation of triglyceride-labeled VLDL.
3
H-labeled VLDL was produced by in vivo labeling using [ 3 H]oleic acid as described (15) . The radiolabeled VLDL ( d Ͻ 1.006 g/ml) was isolated from two sequential 18-h ultracentrifugal spins at 38,000 rpm in a 50.4ti rotor (Beckman Instruments, Inc., Fullerton, CA). 300 g/ml of fatty acidfree albumin (A-7030; Sigma Chemical Co., St. Louis, MO) was added to the density solution to bind unincorporated free fatty acids.
VLDL triglyceride clearance studies. Turnover studies were done in 8-mo-old WT and homozygous HuCI Tg mice, essentially as described (12) . Triglyceride-labeled VLDL was prepared as described above. Animals were studied with VLDL from their own genotype. It has been demonstrated that the turnover of radiolabeled VLDL in mice reflects the characteristics of the VLDL of the recipient mouse, presumably due to the rapid exchange of small apolipoproteins (12) . We did our experiments with homologous tracers because of the general principle of kinetic modeling that the tracer be a model for the tracee. Studies were done between 10:00 a.m. and 2:00 p.m. Four control and four HuCI Tg mice were injected with 200,000 cpm 3 H-labeled VLDL. The disappearance of labeled VLDL was determined by counting 40-l samples of plasma obtained from 90-l aliquots of blood drawn at 2, 5, 10, 20, 40, 75, and 120 min after injection. Total plasma radioactivity at each time point primarily represents VLDL radioactivity, as has been experimentally validated (12) . The data were modeled by a single pool model of triglyceride kinetics exhibiting one phase exponential decay to a plateau, essentially as has been described (12, 34) . Individual fractional catabolic rates (FCRs) were calculated for each animal and used to determine the mean FCR of each group. Modeling and statistical analysis was done with Prism and InStat software (GraphPAD Software for Science, San Diego, CA). We did not compensate for hemodilution, which may have increased our estimate of rates of clearance, but this effect would be expected to be comparable in both groups and would not affect the comparison of the two genotypes.
Triglyceride production rates. Five control and five 4-mo-old HuCI Tg mice (four males and one female in each group) were anesthetized and injected with 500 mg/kg Triton WR 1339 i.v. (Tyloxapol, T-8761; Sigma Chemical Co.) as a 15-g/dl solution in 0.9% NaCl. An equal number of mice from both groups was always studied on any given day (between 10:00 a.m. and 2:00 p.m.). Plasma VLDL clearance in mice is essentially completely inhibited in both control and hypertriglyceridemic mice under these conditions, and the rise in plasma triglyceride levels between the two time points reflects production only (12) . Studies were done in the fasted state between noon and 2:00 p.m. 60-l blood samples were drawn at 30 and 60 min after the injection. Triglycerides were measured on the separated plasma. Production rates were estimated via the difference between the 30-and 60-min triglyceride values and compared by two-tailed t test.
Free fatty acid assay. Levels were obtained on 4-mo-old mice (four male, one female in each group). Blood was drawn by capillary tube bleeding into cold Eppendorf tubes containing EDTA and placed on ice. The plasma was promptly separated and nonesterified fatty acids were immediately measured using the NEFA-C kit (Wako Pure Chemical Industries, Ltd.).
Apo B "remnant" clearance studies. Remnant clearance was estimated by measuring the fractional catabolic rate of apo B in VLDL isolated from apo E-null (apo E 0 ) mice. The assay was performed in male 8-mo-old animals. VLDL were isolated from apo E 0 mice, as described above, and labeled with 125 I by the iodine monochloride method, as modified for lipoproteins (35). After radioiodination, SDS-PAGE of the tracer revealed that 18% of the label was present on apo B48. Apo B100 could not be detected. 60 l of blood was obtained at 2, 20, 40, 75, and 120 min after tracer injection. Aliquots of the separated plasma were then run on a 3-15% gradient SDS-PAGE with prestained high molecular weight standards (Pharmacia LKB Biotechnology Inc.). The gel was then dried and exposed to film. The visualized apo B48 bands were cut out of the gel and radioactivity was determined in a ␥ -counter. Data were modeled as described above for the VLDL triglyceride clearance study. We studied equal numbers of control and transgenic mice (fed a chow diet) on each day and with each labeled lipoprotein preparation.
Mouse Apo B levels. Mouse apo B levels were performed by Levine and Williams as described (36) . A fraction of the (residual) VLDL was then loaded on an SDS gel based on normalization to TCA-precipitable counts in whole plasma. The gels were stained with Coomassie Blue and the apo B bands were visualized, dried, confirmed by autoradiography, and then cut out and counted in 10 ml Hydrofluor (National Diagnostics, Atlanta, GA) in a scintillation counter (LS 1800; Beckman Instruments, Inc.). Apo B production was estimated from the cpm of apo B48 ϩ apo B100.
VLDL binding assay. VLDL heparin affinity was measured essentially as has been described (15) . 3 H-labeled VLDL was isolated from 36 mice: three separate pools of plasma (each pool from three mice) for each of WT, HuCI Tg, HuCII Tg, and HuCIII Tg mice. Each preparation was diluted ‫ف‬ 20-fold to 50 g protein/ml in 100 mM Tris, 100 mM NaCl, 2 mM CaCl 2 , BSA 0.2 g/dl, pH 7.4, and then incubated for 2 h at 37 Њ C with an equal volume (0.5 ml) of heparinSepharose gel (CL-6B; Pharmacia LKB Biotechnology Inc.), preswollen in the same buffer. The heparin-Sepharose gels were pelleted and the buffer was removed. The subsequent washing step was more vigorous than previously, leading to lower total binding in all groups. Gels were fully resuspended three times with binding buffer. Buffer containing 1,000 U/ml of heparin was then added and the gels were incubated at 37 Њ C for 10 min. The buffer was removed and the 3 H counts per minute in the gel, heparin eluate, and original VLDL preparation were determined, allowing the calculation of the percentage of VLDL bound to the gel along with the heparin-elutable fraction. The experiment was performed in triplicate for each preparation.
Results
Production of human apo CI transgenic mice and resultant hyperlipidemia. A DNA fragment extending from 3 kb 5 Ј to 2.5 kb 3 Ј to the apo CI gene was joined to the 154-bp liver-specific enhancer located 5 Ј to the apo CI Ј pseudogene. We previously described this enhancer as sufficient for the liver-specific expression of a human apo E transgene (24) . This DNA construction and an identical construction lacking the enhancer were microinjected into C57BL/6 ϫ CBA F 2 fertilized ova and two transgenic lines were established for each. Total RNA from liver, brain, intestine, and kidney was assayed for human apo CI mRNA by an RNase protection assay. Both transgenic lines containing the enhancer expressed human apo CI mRNA robustly in the liver, but not in the other tissues. One of the two enhancerless lines expressed the transgene only in the small intestine, while the other line failed to express. An RNase protection gel assay on the higher expressing liver-specific line is shown in Fig. 1 . We used this line in all subsequent investigations.
Fasting human apo CI levels on a chow diet in homozygous transgenic mice were 17 Ϯ 13 mg/dl, vs a normal human level of 9.0Ϯ2.6 mg/dl (37) , and increased to 40Ϯ13 mg/dl (P Ͻ 0.001) in the fed state. Human apo CI levels in the fasted state on the Western-type diet were elevated about threefold compared to the chow diet, to 54Ϯ12 mg/dl (P Ͻ 0.00002) and increased further to 68Ϯ17 mg/dl in the fed state (P Ͻ 0.003 vs the chow diet fed state and P ϭ 0.10 vs the Western diet fasted state). Human apo CI mRNA levels in liver were compared by RNase protection assay on both the chow and Western diets and found to be essentially identical (n ϭ 2 for each), suggesting a posttranscriptional mechanism for this difference (data not shown).
Plasma lipids were determined in both the fasted and fed states on both "chow" and a moderately high fat Western-type diet, as shown in Table I . Plasma lipid alterations in hemizygotes were slight and in most cases did not reach statistical significance while the changes in the homozygotes were highly significant. In the homozygous HuCI Tg mice, triglycerides were elevated by about 75% in both the fasted and fed states. Cholesterol levels were elevated by about 50%, well beyond that attributable to increases in triglyceride-rich lipoproteins, as judged by values seen previously in the hypertriglyceridemic apo CIII and apo CII transgenic mice (12, 15) . On the high fat diet, triglycerides were unchanged in the WT mice and decreased slightly in HuCI Tg mice (P ϭ NS). While absolute cholesterol levels increased to a greater extent in the transgenic mice, the relative increase in cholesterol between the chow and high fat diets revealed no difference between WT and HuCI Tg mice. Cholesterol was slightly lower in the fed state than the fasted state, but the relative change was not significantly influenced by either genotype or diet.
Because apo CI is an activator of lecithin:cholesterol acyltransferase (LCAT) (38), we considered the possibility that the increased plasma cholesterol was reflective of increased plasma cholesteryl esters due to cholesterol esterification independent of HDL. The free/total cholesterol ratios were, in fact, found to be indistinguishable (0.27Ϯ0.06 in WT vs 0.29Ϯ0.04 in transgenic mice, n ϭ 5 of each type, P ϭ NS).
Lipoprotein and apolipoprotein profiles in HuCI Tg mice. Gel filtration chromatography was performed in the "fed" state (9:00 a.m. postabsorptive) on whole plasma with assay of fractions for cholesterol and triglycerides as well as human apo CI (immunoblot). Results are shown in Fig. 2 . A predominant increase in VLDL (cholesterol and triglycerides) was noted in HuCI Tg mice compared to the WT. IDL triglycerides and LDL cholesterol were also increased. The human apo CI, by immunoblot, was about 2/3 in HDL and 1/3 in VLDL. Lipoprotein fractions were isolated by sequential ultracentrifugation from three pools (six for VLDL), each containing plasma from three mice, for both WT and homozygous mice on chow in the fed state. Results appear in Table II . The lipoprotein profile showed an increase in the chylomicron (CHY-LOS)ϩVLDL cholesterol (2.8-fold) and triglyceride (1.6-fold) in the transgenics, compared to WT. The cholesterol to triglyceride ratio in HuCI Tg CHYLOSϩVLDL was increased to 0.114Ϯ0.021 from 0.065Ϯ0.0036 in the WT, P ϭ 0.014. The IDLϩLDL fraction of HuCI Tg mice was also markedly cholesterol enriched, with IDLϩLDL cholesterol increasing 2.6-fold relative to a 1.4-fold increase in triglycerides. Over half the increase in plasma cholesterol was in CHYLOSϩVLDL, with the remainder equally divided between IDLϩLDL and HDL. The changes in HDL were not statistically significant and, as in the gel filtration fractions, most of the plasma cholesterol remained in HDL. The changes in CHYLOSϩVLDL and IDLϩLDL, in particular for cholesterol, were statistically significant.
Apolipoprotein ratios in the lipoprotein fractions were compared using SDS-PAGE. Apolipoproteins in VLDL from six distinct plasma pools were analyzed for both WT and HuCI Tg mice. A representative gel is shown in Fig. 3 . A constant amount of VLDL protein was loaded so the intensities of the apo B do not reflect amounts of apo B in whole plasma. The apo B48/apo B100 ratio, by intensity of Coomassie staining, was unchanged in transgenic VLDL (1.68Ϯ0.19 in the WT vs 1.52Ϯ0.14 in HuCI Tg, P ϭ NS). The apo E/total apo B ratio, by the same technique, was 1.566Ϯ1.073 in WT mice and decreased 3.4-fold to 0.465Ϯ0.111 in transgenics (n ϭ 6, P ϭ 0.05). The decrease in apo E/apo B ratio reflected increased apo B as well as decreased apo E.
A portion of the samples was analyzed for C apolipoprotein composition on separate gels (data not shown). The apo CI band intensity in HuCI Tg VLDL was 2.7-fold elevated vs the WT (P Ͻ 0.03), while the intensity of the apo CIIϩapo CIII band was 61% of the WT sample (P Ͻ 0.005). Apo E in the HuCI Tg VLDL was similarly reduced to 55% of the WT. The ratio of apo CIIϩapo CIII to apo E was essentially the same, 0.81 in HuCI Tg and 0.73 in WT VLDL.
Other than the increase in total apo CI, there was no compositional difference in the HuCI Tg vs the WT IDLϩLDL fractions, which contained apo B100, apo E, and apo AI without detectable apo B48. The HDL fraction gels predominantly showed apo AI with a modest increase in apo CI, consistent with the high levels of apo AI relative to other apolipoproteins in mouse HDL (data not shown). The results of IEF of apolipoproteins from WT, HuCI Tg, HuCII Tg, and HuCIII Tg mouse VLDL, as well as normal human VLDL, are shown in Fig. 4 . A constant amount of protein, excluding apo B and essentially excluding apo CI, was loaded on the IEF gels. The results of densitometric analysis of the gels is shown in Table III . No changes in the ratio of apo E to apo CII or apo CIII were evident in HuCI Tg VLDL, confirming the SDS-PAGE results. HuCII Tg VLDL showed a marked decrease in apo E, as has been previously reported (15) . Apo E in HuCIII Tg VLDL was moderately decreased, as has been described (12) .
Hyperlipidemia of HuCI Tg mice is associated with normal lipoprotein production but reduced clearance rates. The hypertriglyceridemia of the apo CI mice was studied using measurements of plasma triglyceride production and catabolism. Triglyceride production rates were derived by inhibiting VLDL clearance with intravenous Triton WR 1339. The rise in triglycerides over 30 min was 120Ϯ44.7 mg/dl in the WT mice vs 112Ϯ39.5 mg/dl in the HuCI Tg mice (n ϭ 5, P ϭ 0.76) arguing against a role for triglyceride overproduction. Consistent with the finding of no increase in triglyceride production, free fatty acid levels in the "fed" postabsorptive state were not significantly elevated in HuCI Tg mice (0.27Ϯ0.07 meq/liter in transgenics vs 0.21Ϯ0.03 meq/liter in WT, n ϭ 5, P ϭ 0.10). In contrast, the clearance of VLDL triglycerides was markedly impaired in the HuCI Tg mice (Fig. 5) . The FCR of VLDL triglycerides was 4.56Ϯ1.7 pools/h for the WT animals vs 1.03Ϯ0.15 pools/h for the HuCI Tg mice (n ϭ 4 for each genotype, P Ͻ 0.03).
Apo B kinetics were initially assessed by simultaneous measurement of apo B levels and apo B production rates, determined by intravenous injection of Triton WR 1339 and [ 35 S]-methionine/cysteine. Baseline mouse apo B levels were increased almost twofold in the HuCI Tg mice to 106.0Ϯ39.54 g/ml vs 59.0Ϯ9.88 g/ml in WT mice (n ϭ 5 of each type, P ϭ 0.03). There was no overlap in values between the two groups. Figure 6 . Clearance of apo E 0 VLDL apo B in WT (n ϭ 6) and HuCI Tg (n ϭ 5) mice. Lines represent the mean FCR of disappearance of apo B cpm (normalized to an initial value of 100%) after injection of radio-iodinated VLDL obtained from apo E 0 mice. The data points reflect the means of all of the animals at that time point for each group. On average WT mice exhibited twofold faster clearance than HuCI Tg.
On the other hand, apo B production rates were indistinguishable at both 60-and 90-min time points. Apo B radioactivity (normalized to total plasma TCA-precipitable cpm) at 60 min was 336.4Ϯ52.9 cpm for WT mice and 365.3Ϯ24.5 cpm for HuCI Tg mice (n ϭ 5 of each type, P ϭ 0.36). The percent change in apo B radioactivity at 90 min vs 60 min was 41.5Ϯ 20.2% for WT mice and 53.1Ϯ33.5% for HuCI Tg mice (n ϭ 4 of each type, P ϭ 0.58). These results suggested that the higher apo B levels in HuCI Tg mice were related to difference in clearance rather than production. The clearance of apo B in remnants was estimated in control and HuCI Tg mice by measuring the FCR of a surrogate lipoprotein species, the d Ͻ 1.006 fraction from apo E 0 mice (39) . These lipoproteins contain apo B48 and the C apolipoproteins and are extremely cholesterol ester-enriched and triglyceride depleted with a total cholesterol to triglyceride ratio Ͼ 3 (27) . After injection into either normal or HuCI Tg mice, the E 0 remnants are presumed to acquire apo E, apo CI, and other exchangeable apolipoproteins reflective of the plasma milieu, and be cleared directly by particulate uptake mechanisms. The FCR of the labeled apo B, taken as the measure of particle clearance, was 0.66Ϯ0.19 pools/h (n ϭ 6) in control mice vs 0.34Ϯ0.16 (pools/h) in apo CI transgenics (n ϭ 5, P ϭ 0.01, Fig. 6 ). These data support the existence of a postlipolytic clearance defect in the HuCI Tg mice.
HuCI Tg VLDL display no reduction in heparin-Sepharose binding affinity. In earlier work, we showed decreased affinity of HuCII Tg VLDL for heparin-Sepharose, postulated as a model for the cell surface glycosaminoglycan matrix (15) . Similar studies were now performed to compare VLDL from WT, HuCI Tg, HuCII Tg, and HuCIII Tg mice (Fig. 7) . There was no difference vs WT in the binding of HuCI Tg VLDL to heparin-Sepharose. We found that 1.12Ϯ0.45 g of WT VLDL bound the gel vs 1.16Ϯ0.27 g of HuCI Tg VLDL (P ϭ 0.42). In contrast, both HuCII Tg and HuCIII Tg VLDL displayed diminished binding to heparin-Sepharose. Only 0.47Ϯ0.098 g of HuCII Tg VLDL (P Ͻ 0.001, compared to WT) bound the gel, qualitatively similar to our published findings, although the absolute values differ due to changes in methodology. In HuCIII Tg mice, which have not been previously examined by this technique, only 0.50Ϯ0.15 g of the VLDL bound to heparin-Sepharose (P ϭ 0.001, compared to WT). Direct comparisons of heparin-releasable binding, taken as a more specific indicator of VLDL binding to heparin, yielded similar results: 0.65Ϯ0.30 g for the WT vs 0.68Ϯ0.12 g for HuCI Tg (P ϭ 0.78); 0.30Ϯ0.078 g for HuCII Tg (P ϭ 0.01 vs the WT); and 0.38Ϯ0.13 g for HuCIII Tg (P ϭ 0.02 vs the WT).
Discussion
In the present study we report the creation of a liver-expressing human apo CI transgenic mouse using an apo CI gene fragment joined to the minimum liver-specific enhancer that we defined for apo E (24) . The presence of the 154-bp liver-specific enhancer was sufficient to confer a high level of liver-specific expression in two transgenic lines while two lines made with the same construction lacking the enhancer did not express at all (in one line) or expressed ectopically in the intestine (in the other). This enhancer is within the region shown by Simonet et al. to be important for the liver-specific expression of both apo E and apo CI (40) . The present study establishes that the same 154 bp within this region can confer robust liver-specific expression on both genes and that a larger fragment does not appear to be required, as has been recently proposed (41) .
HuCI Tg mice in the fasted state on the chow diet had about twice the normal human level of human apo CI, and were hypertriglyceridemic to about the same degree as HuCII Tg mice and low expressor HuCIII Tg mice. In the fed state, HuCI Tg mice exhibited only a slight further increase in triglycerides while in HuCII Tg mice, triglycerides increased markedly (15) . In further contrast to both the HuCII Tg and HuCIII Tg lines, plasma cholesterol in HuCI Tg mice was elevated out of proportion to the increase in triglycerides (12, 15) . A moderately high fat Western-type diet caused a relative increase (doubling) in plasma cholesterol that was the same in HuCI Tg mice as in WT controls. A large increase in human apo CI levels (threefold in the fasted state) was also noted, compared to levels on the chow diet. This increase is unlikely to be due to a transcriptional effect since mRNA levels measured by RNase protection assay were unchanged. A more likely cause is decreased catabolism of apo CI due to decreased particle clearance. Woolett, et al., using a virtually identical diet in hamsters, found a 75% decrease in LDL receptor activity, consistent with such a mechanism (42) . Despite the increase in apo CI levels, there was no change, or even a possible decrease, in triglyceride concentrations. Although decreased levels of plasma triglycerides are a well-described phenomenon in mice on high fat diets (43) , the lack of increase in triglycerides in the face of this marked further increase in human apo CI suggests that impaired lipolysis is not a prominent feature of this model.
Lipoprotein analysis revealed that VLDL were increased in HuCI Tg mice and, unlike HuCII Tg and HuCIII Tg mice, were significantly cholesterol enriched, consistent with the impairment of remnant clearance anticipated from earlier work (16, 17) . In contrast, a predominant lipolytic defect should have produced a decrease in the VLDL cholesterol/triglyceride ratio. Furthermore in IDLϩLDL, the levels of which predominantly reflect particle clearance, cholesterol and the cholesterol/ triglyceride ratio were increased to the same extent as in VLDL. Apolipoprotein analysis by SDS-PAGE revealed a decrease in VLDL apo E relative to apo B that was less than that reported in high expressing HuCIII Tg mice, which overexpressed to a greater extent and were much more hypertriglyceridemic, but in excess of that reported in low expressing HuCIII Tg mice, which were similarly hypertriglyceridemic but overexpressed to a lesser extent (12) . HuCII Tg mice, which overexpressed to a greater extent than the apo CIII high expressors, appeared to have much less apo E on their VLDL. This was true despite their lesser degree of hypertriglyceridemia, which was comparable to that of HuCI Tg mice (15) . Thus, human apo CI appears to be intermediate in triglyceride-elevating potency as judged by HuCII Tg mice that had human apo CII levels about seven times the normal human level and low expressor HuCIII Tg mice that had human apo CIII levels one half the normal human level (44) . There was no evidence that the displacement of apo E in HuCI Tg VLDL was selective. The decrease in VLDL apo E/apo B detected by SDS-PAGE may reflect decreased particle size with an increased content of apo B relative to the smaller apolipoproteins as well as the increased content of apo CI.
IEF confirmed the absence of any alteration in the ratio of apo E to either apo CII or apo CIII in HuCI Tg VLDL. In contrast, the high expressing HuCIII Tg mouse VLDL did show a detectable decrease in VLDL apo E by IEF. In the case of the HuCII Tg mice, the decrease in apo E (and mouse apo CIII) was marked. Despite this marked displacement of apo E, IDLϩ LDL have been reported as unchanged in HuCII Tg mice (15) . Decreased apo E may be a uniform effect related to the degree of apo C elevation, while the (different) observed phenotypes may substantially reflect specific effects of the individual C apolipoproteins. Apo CI has been shown to have inhibitory effects on VLDL and IDL binding to the LDL receptor well beyond those attributable to displacement of apo E (21) . Each of the C apolipoproteins has also been shown to interfere with the hepatic clearance of chylomicrons from estradiol-treated rats, which contained almost no apo E (45) . Clearly, the modest nature of the hypertriglyceridemia observed in apo E 0 mice, which entirely lack apo E, is further support for a role for apo C excess independent of the displacement of apo E.
The apo B composition of the transgenic VLDL is also instructive. Total apo B levels were elevated, but the apo B100/ total apo B ratio of HuCI Tg VLDL was unaltered. Both apo B100 and apo B48 were therefore elevated. Only apo B100 was found in IDLϩHDL, as in the WT mice. This contrasts with HuCIII Tg mice where the apo B48/total apo B ratio is increased, apo B100 is not elevated and apo B48 is also present in IDL and LDL density ranges (13) , presumably due to decreased lipolysis of chylomicrons and, possibly, decreased chylomicron remnant clearance. Similarly, in apo E 0 mice, a severe chylomicron remnant clearance defect leads to an accumulation of highly cholesterol-enriched apo B48 particles in VLDL, IDL, and LDL (39) . In contrast, the hypertriglyceridemia of HuCI Tg mice may reflect the effects of a remnant clearance defect that extends to apo B100 particles. Unlike the apo B48 particles that accumulate in the apo E 0 mouse, apo B100 particles may not be as extensively lipolyzed before clearance. Indeed, human apo B transgenic mice, which show predominant elevation of apo B100, are significantly hypertriglyceridemic (46) .
We tested the hypothesis of decreased remnant clearance by using radio-iodinated VLDL from apo E 0 mice as a model tracer and found a significant decrease in the clearance of labeled apo B, further supporting the view that increased apo CI was associated with a defect in remnant catabolism. Apo B levels were elevated but apo B production rates were not increased, also consistent with such a mechanism. An alternative hypothesis was also considered: that the increase in VLDL, IDL, and LDL cholesterol was due to an increase in cholesterol esterification in apo B-containing particles mediated by apo CI, an LCAT activator. LCAT concentration in humans is correlated to the plasma cholesterol level, primarily cholesteryl ester in VLDL and LDL (47) . In the transgenic mice, an increased fraction of the plasma cholesterol was present in VLDL and IDLϩLDL. However, plasma LCAT is present only in HDL (48, 49) and the free/total cholesterol ratios were unchanged in the HuCI Tg mice, arguing against an LCAT-related explanation for the increased cholesterol of HuCI Tg mice.
VLDL triglyceride kinetic studies were not fully supportive of defective remnant clearance as the sole mechanism. Triton WR 1339 studies revealed no increase in triglyceride production rates, as was anticipated. However, VLDL triglyceride clearance appeared more significantly impaired than one would expect from decreased remnant clearance alone. While this could be due to an apo CI-induced lipolytic defect, the very modest further increase in triglycerides in the fed state and the compositional data argue that decreased particle clearance is predominant. Kinetic studies are complex and it is common not to see a strict mathematical relationship between the results of kinetic studies and the static lipid measurements. The tracer does not always label the total endogenous pool, which that may lead to this discrepancy. Binding to heparinSepharose, which may reflect VLDL association with the cell surface glycosaminoglycan matrix where lipoprotein lipase and hepatic lipase reside, was the only in vitro phenomenon that appeared related to the apparent lipolytic defect in HuCII Tg (and now HuCIII Tg) mice (12, 15) . This measurement was unaltered in HuCI Tg mice but the degree of displacement of apo E was less than in the HuCII and HuCIII Tg lines tested. Whether this measurement reflects the actual mechanism of action of apo C overexpression or only the VLDL apo E content remains uncertain.
The results of the current study, in the context of earlier work, support a possible important role for apo CI in the formation of LDL. Apo CI inhibits particulate uptake but does not interfere with glycosaminoglycan binding or, most likely, triglyceride hydrolysis of VLDL. These effects of apo CI would facilitate the conversion of VLDL to LDL in subjects with normal lipolysis. On the other hand, in individuals with marginal lipolytic competence, increased apo CI might predominantly cause an accumulation of VLDL and IDL.
Apo CI thus joins the list of genes that may be involved in the etiology of familial combined hyperlipidemia (50) (51) (52) (53) (54) (55) . In one population-based genetic association study, homozygosity for the minor allele of a HpaI restriction fragment length polymorphism in the apo CI promoter was found in 97% of ⑀2/⑀2 individuals with type III hyperlipidemia, 17% of normal controls and 22% of ⑀2/⑀2 individuals without hyperlipidemia (56) . This polymorphism has been localized to a site 317 bp 5Ј to the apo CI transcription initiation site (25) , though any possible effects on apo CI gene expression have not been reported. Further work will be needed to determine the role, if any, of apo CI in combined hyperlipidemia or other clinical disorders of lipoprotein metabolism.
